. Regulation of lateral mobility and cellular trafficking of the CCK receptor by a partial agonist. Am. J. Physiol. 276 (Cell Physiol. 45): C539-C547, 1999.-Partial agonists are effective tools for advancing development of highly selective drugs and providing insights into molecular regulation of cellular functions. Here, we explore the impact of a partial agonist on key aspects of cholecystokinin (CCK) receptor regulation, its lateral mobility and cellular trafficking, in native pancreatic acinar cells and Chinese hamster ovary cells expressing CCK receptor (CHO-CCKR). We developed and characterized a novel fluorescent partial agonist, rhodamine-Gly- [(Nle 28, 31 )CCK-26-32]-phenethyl ester, that binds specifically and with high affinity to CCK receptors. Such analogs are fully efficacious pancreatic acinar cell secretagogues without supramaximal inhibition that mobilize intracellular calcium with little or no increase in phospholipase C (PLC) activity. Despite minimal phosphorylation of CCK receptors in response to this partial agonist, receptor trafficking was the same as that observed with full agonist (CCK). This included normal internalization via clathrin-dependent endocytosis in CHO-CCKR cells and insulation on the surface of pancreatic acinar cells. Also, as with CCK-occupied receptor, fluorescence recovery after photobleaching of partial agonist-occupied receptor on the acinar cell surface demonstrated a marked temperature-dependent slowing of its rate of diffusion. This was similarly associated with resistance to acid-induced dissociation of ligand. Thus some key molecular regulatory mechanisms for CCK receptor internalization and insulation may be initiated by cellular signaling cascades that are not dependent on PLC activation or receptor phosphorylation.
PARTIAL AGONISTS HAVE BEEN extremely useful pharmacologic tools, contributing key insights toward the development of highly selective drugs and providing better understanding of molecular events that control specific cellular functions (3) . Analogs of cholecystokinin (CCK) in which the carboxy-terminal phenylalanine-amide has been replaced with a phenethyl ester have been demonstrated to act as partial agonists of the CCK receptor, stimulating a subset of the biological responses that are stimulated by occupation of the same receptor by natural CCK (6, 9, 15, 18, 34) . This was first recognized by net effects on amylase secretion by the pancreatic acinar cell, where CCK stimulates a biphasic concentration-response curve and these compounds 5JMV-180 and Gly-[(Nle 28, 31 )CCK-26-32]-phenethyl ester (OPE)6 are fully efficacious secretagogues without the supramaximal inhibitory regions of their concentration-response curves. They have also subsequently been recognized to possess differences from the natural hormone in their effects on desensitization and induction of experimental models of pancreatitis (19, 33) .
Although these compounds have been proposed to act as ''agonists at the high-affinity CCK receptor and antagonists at the low-affinity CCK receptor'' (36), a more cohesive molecular understanding of their action is emerging. The high-affinity state of the CCK receptor is known to be the ternary complex of agonist, receptor, and G protein (21) . Although natural CCK stabilizes that complex, as demonstrated by the sensitivity of its binding to GTP (6) , OPE binding does not have this effect: its binding is unaffected by GTP analogs (6) . As expected from this observation, CCK binds with two distinct affinity states, whereas OPE binds with a single apparent affinity state (6) . OPE is able to fully compete for CCK binding, but its affinity is intermediate between the affinities for binding CCK, such that OPE has a lower affinity than CCK for the ''highaffinity state'' of the receptor and a higher affinity than CCK for the ''low-affinity state'' of the receptor. Measurement of second messenger responses has demonstrated little or no measurable inositol 1,4,5-trisphosphate (IP 3 ) response to phenethyl ester analogs (15, 18, 32) , likely reflecting their ineffective stabilization of this ternary complex. This is consistent with the IP 3 response resulting from the activation of phospholipase C (PLC) by G␣ q -GTP after it dissociates from such a complex. In contrast, the phenethyl ester analogs have normal phospholipase A 2 responses and induce clear increases in intracellular calcium (18, 38) , which presumably emanate from an intact signaling cascade that is distinct from the G q pathway. This secondary signaling pathway may be initiated either by receptor association with a G protein distinct from G q and having different kinetics of receptor association or by a G protein-independent mechanism. Interestingly, in the presence of minimal activation of protein kinase C (PKC) achieved by preincubation with a low dose of phorbol ester, the OPE concentration-response curve is transformed from a monophasic into a fully biphasic concentration-response curve (7, 8) . These data are consistent with the interpretation that the phenethyl ester analogs are partial agonists that are deficient in their stimulation of the PLC-PKC signaling cascade.
Regulation of G protein-coupled receptors has been an area of considerable interest. The CCK receptor has been demonstrated to be regulated by phosphorylation, uncoupling from its G protein, ''insulation'' within the plasma membrane, and internalization into the cell interior (5, 14, 23, 24, (28) (29) (30) (31) . All of these events occur in response to agonist occupation, with the details of these processes varying based on the specific cell being studied (24, 28, 30, 31) . We previously reported that stimulation with the partial agonist OPE results in minimal phosphorylation of the CCK receptor (with a stoichiometry of Ͻ1 mol phosphate/mol receptor) (10) . This is consistent with its activation of only a subset of postreceptor signaling events and with the relative importance of PKC in CCK receptor phosphorylation (8, 10, 23) . In this work, we have studied the effect of partial agonist stimulation of both CCK receptorbearing Chinese hamster ovary cells (CHO-CCKR) (11) and rat pancreatic acinar cells on receptor mobility, internalization, and insulation. These mechanisms of CCK receptor regulation are fully intact after stimulation by OPE, demonstrating that they are regulated independently of signaling events in the PLC cascade.
METHODS

Materials.
Synthetic CCK octapeptide (CCK amino acids 26-33; CCK-8) was purchased from Peninsula Laboratories (Belmont, CA). 5(6)-Carboxytetramethylrhodamine succinimide ester was purchased from Molecular Probes (Eugene, OR). The nonpeptidyl antagonist L-364718 was provided by Dr. R. Freidinger (Merck, Sharp, and Dohme Laboratories, West Point, PA). Tissue culture supplies were from GIBCO BRL (Gaithersburg, MD), except for Falcon plasticware, which was purchased from Becton Dickinson (Oxnard, CA). Electron microscopy grade paraformaldehyde was from Electron Microscopy Sciences (Ft. Washington, PA). BSA Cohn fraction V was purchased from Intergen (Purchase, NY), and soybean trypsin inhibitor and collagenase were from Worthington Biochemical (Freehold, NJ). All other chemicals were analytical grade.
CCK analogs. The fluorescent CCK analog rhodamine-Gly-[(Nle 28, 31 )CCK-26-33] (Rho-CCK) was synthesized as described previously (31) . The partial agonist CCK analog OPE was synthesized as described previously (6) and was used as the base peptide for the synthesis of the fluorescent partial agonist probe. OPE was dissolved in dimethyl formamide, neutralized with N,N-diisopropylethylamine, and reacted with a twofold molar excess of 5(6)-carboxytetramethylrhodamine succinimide ester for 2 h at room temperature. Once the reaction was complete, as confirmed by reverse-phase HPLC, excess unreacted fluorophore was quenched with diethylaminopropylamine. The newly synthesized fluorescent probe, rhodamine-Gly-[(Nle 28, 31 )CCK-26-32]-phenethyl ester (Rho-OPE), was purified by reverse-phase HPLC (27) and was characterized and quantified by amino acid analysis.
Cell and tissue preparations. CHO-CCKR cells expressing the rat type A CCK receptor have previously been established and fully characterized (11) . CHO-CCKR cells were grown in Ham's F-12 medium in a 37°C humidified incubator containing 5% CO 2 . Two days before experimental manipulation, cells were plated on glass coverslips and grown to ϳ80% confluence for receptor distribution studies and to 50% confluence for photobleaching recovery experiments.
For native cell morphological studies, dispersed rat pancreatic acini were prepared from male Sprague-Dawley rats (125-150 g) by sequential enzymatic and mechanical dissociation of pancreatic tissue (17) . For competition binding studies, enriched rat pancreatic plasma membranes were prepared as we reported (25) . All procedures involving animals were approved by the Mayo Clinic Animal Care and Use Committee.
CCK receptor binding. The CCK analog D-Tyr-Gly-[(Nle 28, 31 )CCK-26-33] was radioiodinated oxidatively and purified by reverse-phase HPLC to a specific radioactivity of 2,000 Ci/mmol, as previously described (27) . Samples (total volume 500 µl) of membrane diluted in Krebs-Ringer-HEPES medium (KRH) containing (in mM) 25 28, 31 )CCK- [26] [27] [28] [29] [30] [31] [32] [33] represented the amount of radioactivity associated with membranes when the medium contained 1 µM nonradioactive competing peptide. Values for the Michaelis-Menten inhibition constant (K i ) were determined by the LIGAND program (22) , and data were graphed using the Prism graphics program (GraphPad, San Diego, CA).
Morphological localization of CCK receptors on CHO-CCKR cells. CHO-CCKR cells grown on coverslips were washed three times at 37°C with PBS (in mM: 1.5 NaH 2 PO 4 , 8 Na 2 HPO 4 , 0.145 NaCl, 0.1 MgCl 2 , and 0.08 CaCl 2 , pH 7.4). Cells were washed and equilibrated for 10 min with iced PBS at 4°C to inhibit endocytosis and were then incubated with 10, 50, or 100 nM Rho-OPE for 1 h at 4°C. For receptor distribution studies, the cells were washed quickly with iced PBS and immediately placed in freshly prepared fixative (2% paraformaldehyde in PBS, pH 7.4) for 30 min at room temperature. After fixation, the coverslips were washed three times with PBS and then mounted on glass slides. Cells were examined using an inverted Zeiss microscope equipped for epifluorescence (Oberkochen, Germany). A 50-W mercury lamp was used for illumination. Specimens were photographed using a 35-mm camera with Tmax 3200 film (Eastman Kodak, Rochester, NY). For control studies, labeling was attempted with untransfected CHO cells or with the CHO-CCKR cells in the presence of nonfluorescent competing ligand.
For studies to examine the effect of receptor affinity state on internalization, CHO-CCKR cells grown on coverslips were incubated with 50 nM Rho-OPE, 50 nM Rho-OPE plus 5 µM L-364718, or 50 nM Rho-OPE plus 10 µM CCK-8 for 1 h at 4°C, as described above. They were then washed once with 37°C PBS and placed in a 37°C shaking water bath for times ranging from 5 to 30 min. After the appropriate time had elapsed, cells were fixed and prepared for microscopic observation.
To disrupt the first step of receptor-mediated endocytosis in which receptors cluster in clathrin-coated pits, cells were incubated in hypertonic (0.4 M) sucrose in PBS, as previously described (4, 12, 31). CHO-CCKR cells grown on coverslips were washed three times at 37°C with hypertonic medium (0.4 M sucrose in PBS), equilibrated with hypertonic medium in a shaking water bath for 10 min at 37°C, and then labeled with 50 nM Rho-OPE in the shaking water bath. At the appropriate time point, samples were washed with 37°C hypertonic medium and fixed and prepared for microscopic observation.
Morphological localization of CCK receptors on pancreatic acinar cells. Freshly prepared dispersed rat pancreatic acini were collected by centrifugation at 300 rpm for 3 min and then washed and resuspended in iced KRH enriched with 2.5 mM D-glucose, essential and nonessential amino acids, and 2 mM glutamine. Acini were incubated with concentrations ranging from 30 to 100 nM Rho-OPE at 4°C for 20 min or at 37°C for 5-30 min. In selected experiments, the pH was lowered to attempt to dissociate the ligand from the receptor by washing Rho-OPE-treated acini with iced glycine buffer (50 mM glycine and 150 mM NaCl, pH 3.0) for 30 s and then resuspending the acini in iced KRH medium. Cells were observed and photographed immediately following sample preparation using a Zeiss Axiophot microscope equipped for epifluorescence. Samples were illuminated with a 75-W xenon lamp with a 10-nm bandpass excitation filter centered at 546 nm and a 590-nm emission filter. Photographs were taken with a 35-mm camera using Hypertech film (Microfluor, Stony Brook, NY).
Fluorescence photobleaching recovery measurements. Fluorescence photobleaching recovery measurements were carried out following the procedure previously described (30) . This was performed both in CHO-CCKR cells and dispersed rat pancreatic acinar cells. The CHO-CCKR cells were plated on no. 1 22-mm square glass coverslips (Baxter, McGaw Park, IL) in individual 35-mm polystyrene dishes (Becton Dickinson, Lincoln Park, NJ), where they were fluorescently labeled. Coverslips were then placed cell side down over a 20-µl drop of 4°C PBS on a chilled glass slide, blotted, and sealed. The acinar cells were labeled in suspension and then placed on a chilled glass slide and covered with a no. 0 22-mm square glass coverslip (Baxter).
Photobleaching recovery measurements were made immediately following sample preparation. Fluorescence was excited by the 514-nm line of an Innova 90 argon laser (Coherent, Palo Alto, CA). Laser illumination intensity was controlled using the first-order diffraction from an acoustooptic modulator (IntraAction, Bellwood, IL). The beam then passed through a spatial filter and then into a Zeiss Axioplan microscope equipped for epifluorescence. A ϫ100 (1.3 numerical aperture) oil objective was used to focus the beam onto the sample. The 1/e 2 radius of the Gaussian beam profile was ϳ0.5 µm on the sample. Fluorescence emitted from the sample was detected continuously using an avalanche diode singlephoton counting module (EG&G Opto-electronics, Vaudreuil, PQ, Canada) interfaced to a 33-MHz 80486 microcomputer. Optimization of the plane of focus was conducted as described elsewhere (30) . Fluorescence intensities were quantified by accumulating photon counts for 25 ms/data point. During fluorescence recovery experiments, samples were maintained at 10 Ϯ 1°C using a temperature-controlled stage. To minimize the effects of receptor clustering and redistribution following ligand occupation, all readings were taken immediately following sample preparation, while fluorescence appeared to be homogeneously distributed over the plasma membrane. Control studies (30) showed that ligand binding and dissociation kinetics did not contribute appreciably to the recovery observed.
For analysis, fluorescence photobleaching recovery data were expressed as the fractional fluorescence recovery, f(t), such that
where t is time, F(t) is the time-dependent fluorescence intensity, F(ϩ0) is the fluorescence immediately after photobleaching, and F(Ϫ) is the prebleach fluorescence. The series solution for F(t)/F(Ϫ) when t Ն ϩ0, derived for a Gaussian laser beam profile illuminating fluorophores diffusing in two dimensions, was used to fit the fractional recovery curves (1) . In this case
where ␣ 0 is the immobilized fraction of fluorophores, K is the bleaching depth given by F(ϩ0)/F(Ϫ) ϭ (1 Ϫ e ϪK )/K, and ␣ 1 is the fraction of fluorophores undergoing lateral diffusion with characteristic relaxation time D (39) . 
where is the laser beam half width at e Ϫ2 height such that Ϸ 0.25 µm. Statistical analysis. The number of replicate experiments is noted for each presentation of data. Values are expressed as means Ϯ SE of experimental replicates. Significant differences were determined by the Mann-Whitney nonparametric test of unpaired values, with P Ͻ 0.05 considered to be significant.
RESULTS
Binding affinities of the fluorescent partial agonist.
The fluorescent partial agonist Rho-OPE bound to CCK receptors on rat pancreatic membranes specifically and with high affinity (Fig. 1) . Addition of the fluorophore did not markedly change the binding affinity of Rho-OPE (K i ϭ 7.3 Ϯ 2.4 nM) compared with OPE (K i ϭ 4.4 Ϯ 1.0 nM). Analysis of the data indicated a best fit for a single-site affinity model, which is similar to binding of OPE to rat pancreatic membranes (6) .
Morphological characterization of fluorescent partial agonist. The specificity of binding Rho-OPE to CCK receptors was further characterized by morphological assessment. CHO-CCKR cells incubated with 50 nM Rho-OPE at 4°C displayed fluorescent labeling dif- http://ajpcell.physiology.org/ fusely distributed over the surface of the membrane ( Fig. 2A) , and this labeling was completely eliminated in cells incubated with Rho-OPE in the presence of 100-fold molar excess unlabeled OPE (Fig. 2B) . Further evidence that the fluorescent labeling of the plasmalemma observed was specific to CCK receptors and not general membrane staining was provided by the absence of fluorescence signal on non-receptor-bearing CHO cells incubated under identical conditions (Fig.  2C) .
Internalization of CCK receptors on CHO-CCKR cells following occupation by partial agonist. CCK receptors occupied by Rho-OPE were rapidly moved into intracellular destinations following incubations at 37°C. Initially (at 4°C), the fluorescence signal appeared to be distributed uniformly over the surface of the plasma membrane (Fig. 3A) . After 5 min at 37°C, the fluorescence was observed in a punctate pattern resembling endosomal structures, both near the plasma membrane and deep within the cell. By 30 min, most of the fluorescence had moved to structures near the nucleus, with a small proportion of fluorescence remaining near the plasma membrane. This internalization pathway is morphologically similar to that observed for CCK receptors occupied by the full agonist Rho-CCK (Fig. 3,  D-F) . Because our previous studies with Rho-CCK showed predominantly agonist-induced endocytosis initiated by the clustering of receptors in clathrin-coated pits (31), we employed the established technique of using hypertonic medium to prevent the formation of clathrin-coated pits in an attempt to disrupt the internalization observed (4, 12) . Cells treated with hypertonic sucrose during incubations with 50 nM Rho-OPE at 37°C did not internalize CCK receptors. The fluorescent staining continued to be diffuse at the level of the plasma membrane after 5 and 10 min (Fig. 4, A and B) . After 30 min at 37°C, the signal remained associated with the plasma membrane, although a more punctate distribution of the fluorescence was observed (Fig. 4C) . These observations suggest that the internalization of receptors occupied by the partial agonist requires functional clathrin-coated pits.
Much work has been performed to characterize interactions between phenethyl ester analogs of CCK and the high-and low-affinity states of the CCK receptor (16, 18, 34, 36, 40) . We therefore examined the effect of competing nonfluorescent ligands known to independently affect the occupation of each of these affinity states of the CCK receptor by Rho-OPE. Because CCK-8 has a greater affinity than OPE for receptors in the high-affinity state, internalization studies were performed on cells exposed to Rho-OPE for 30 min at 37°C in the presence of 100-fold molar excess of competing nonfluorescent CCK-8. The prominent perinuclear fluorescence representing intracellular ligand was not eliminated in these cells. When the competing concentration of CCK-8 was increased to a 200-fold molar excess (10 µM), the perinuclear staining persisted (Fig.  5B) , although the signal was considerably less intense than that observed in the absence of competing CCK-8 (Fig. 5A) . Because essentially all receptors in the high-affinity state were occupied by nonfluorescent CCK-8, the signal observed was likely due to internalization of receptors in their native low-affinity state. Experiments were also performed using the antagonist Cellular handling of partial agonist-occupied receptor in the native milieu. Examination of the cellular handling of the partial agonist was also performed in native pancreatic acinar cells. Acinar cells exposed to 30 nM Rho-OPE at 4°C displayed a diffuse pattern of fluorescence over the basolateral membrane (Fig. 6A) , similar to that observed in acini incubated with the full agonist Rho-CCK. After the temperature was raised to 37°C, cells incubated with 30 nM Rho-OPE continued to display a similar pattern of fluorescence; no fluorescence moving to the cell interior was observed (Fig. 6B,  5 min; Fig. 6C, 30 min) . Notably, the membrane fluorescence persisted even after the acini were washed with acidic glycine medium in an attempt to dissociate the partial agonist ligand from the receptor. This treat- http://ajpcell.physiology.org/ ment was, however, effective in eliminating all fluorescence signal from cells that had been incubated with Rho-OPE at 4°C (Fig. 7A) . The resistance to acid washing after incubation at 37°C (Fig. 7B ) was similar to that previously observed on acini incubated with the full agonist Rho-CCK (30) .
Lateral mobility characteristics of Rho-OPE-occupied CCK receptors. Fluorescence recovery after photobleaching was used to measure the rate at which CCK receptors occupied by Rho-OPE moved laterally in the plane of the plasma membrane. CCK receptors on CHO-CCKR cells incubated with Rho-OPE were laterally mobile, with a diffusion coefficient on the order of 1 ϫ 10 Ϫ10 cm 2 /s, as shown in Table 1 . The value of D determined at 50 nM Rho-OPE (1.08 Ϯ 0.24 ϫ 10 Ϫ10 cm 2 /s) was equivalent to the value previously determined for CCK receptors on CHO-CCKR cells occupied by 50 nM Rho-CCK (1.4 Ϯ 0.2 ϫ 10 Ϫ10 cm 2 /s) (30) . Also, the fraction of mobile receptors on these cells occupied by the Rho-OPE (R ϭ 0.88 Ϯ 0.03) was equivalent to that for the same concentration of Rho-CCK (R ϭ 0.88 Ϯ 0.02) in our previous work (30) . Values for D and R did not change significantly as the Rho-OPE concentration was varied between 10 and 100 nM.
The D value for 100 nM Rho-OPE-occupied receptors on pancreatic acinar cells (0.72 Ϯ 0.19 ϫ 10 Ϫ10 cm 2 /s) was not significantly different from the value of D determined for this concentration of this fluorescent ligand used with CHO-CCKR cells (P Ͼ 0.05). The R determined on acini (0.58 Ϯ 0.07) was marginally lower than that determined on CHO-CCKR cells (P ϭ 0.06). Unlike the comparison of data for effects of partial and full agonists on the CHO-CCKR cells, which were quite similar, the comparison of acinar cell data for these two ligands reflected differences. Occupation of the acinar cell receptors with 50 nM Rho-CCK at 4°C was reported to have a higher D (1.7 Ϯ 0.3 ϫ 10 Ϫ10 cm 2 /s) and a lower R (0.17 Ϯ 0.05) (30) . Some of this apparent difference could be methodological, since the previous data were analyzed manually using a graphical determination of recovery half times. In contrast, the current work uses a mathematical model and fitting routine to analyze the data and determine values for D and R. The model calculation and fitting routine are likely more accurate at quantifying the slower recoveries reported here.
Notably, incubation of the acini at 37°C resulted in a significant reduction in the value of D (decreasing from 0.72 Ϯ 0.19 ϫ 10 Ϫ10 cm 2 /s after incubations at 4°C to http://ajpcell.physiology.org/ 0.15 Ϯ 0.06 ϫ10 Ϫ10 cm 2 /s after incubations at 37°C; P ϭ 0.008), while the fraction of partial agonist-occupied receptors that were mobile remained constant. This, also, is different from the results previously reported for the same receptor occupied with the full agonist Rho-CCK (30) . Under identical conditions, the agonistoccupied receptor was felt to become immobilized on the cell surface.
DISCUSSION
The present work illustrates that partial agonist occupation of the CCK receptor results in the same types of receptor trafficking as are stimulated by occupation of these receptors with the natural full agonist, CCK. This occurs despite the differences in signaling initiated by these distinct peptides. In CHO-CCKR cells, CCK-occupied receptors rapidly undergo receptormediated endocytosis, leading to redistribution to an area near the cell nucleus (31) . At the level of fluorescence microscopy, after occupation of the CCK receptor on these cells by the partial agonist Rho-OPE, receptor lateral mobility and cellular distribution were very similar to these parameters observed after receptor occupation with the full agonist Rho-CCK (31) . In prior ultrastructural studies with these cells, we showed that the predominant pathway for endocytosis of receptors occupied by full agonists was the clathrin-dependent pathway (31) . The effect of hypertonic sucrose treatment to block internalization of the CCK receptors occupied with OPE suggested that this same pathway was predominant for partial agonist-stimulated receptor internalization as well.
Similarities between receptor trafficking in response to agonist and partial agonist were also demonstrated in the native pancreatic acinar cell. This is a unique and special environment for the CCK receptor, in which agonist occupation elicits desensitization by a process termed insulation rather than internalization (30) . In this process, the agonist-occupied receptor becomes immobilized in a unique environment depleted of G proteins. In the present study, most receptors occupied by Rho-OPE also did not internalize but remained diffusely distributed on the acinar cell membrane. There was, however, a change in their acid lability. The Rho-OPE ligand, which was dissociated from the receptor by acidic medium after binding at 4°C, became resistant to this procedure after incubation at 37°C. This was associated with a prominent decrease in the rate of lateral mobility of the partial agonist-occupied receptors in the plane of the plasma membrane. This is analogous to previous observations with the native full agonist (30) when occupied receptors became resistant to acid dissociation and lateral movement was slowed beyond the limit of the technique to quantify movement. Thus both agonist and partial agonist initiate conformational changes that ''insulate'' the receptor (30) .
A key reason to explore receptor trafficking after occupation with partial agonist was to correlate the regulation of this behavior with a subset of the cellular events initiated by receptor occupation with full agonist. We already know that stimulation with OPE results in substantially less CCK receptor phosphorylation than stimulation with CCK (10). The latter results in a stoichiometry of Ͼ5 mol phosphate/mol receptor (23), with evidence for action of both PKC and staurosporine-insensitive kinases (10, 23) . In contrast, CCK receptor phosphorylation in response to OPE results in a stoichiometry of Ͻ1 mol phosphate/mol receptor. Recent data for a CCK receptor mutant that is not phosphorylated in response to CCK and is internalized normally suggest that CCK receptor internalization can occur independently of its state of phosphorylation (28) . Values are means Ϯ SE for n independent observations, obtained from best fits of fractional fluorescence recovery curves, as described in METHODS. Cells were incubated at 4 or 37°C with noted concentrations of Rho-OPE before fluorescence recovery measurements. Acini incubated at 37°C were subjected to extensive washes with Krebs It has been unclear how important the components of signaling might be for receptor trafficking. We recently demonstrated that CCK receptors on CHO-CCKR cells do not internalize constitutively but depend on ligand occupation to stimulate that process (5) . Of particular interest, occupation with an antagonist was shown to be sufficient to stimulate internalization of CCK receptors on those cells (29) . In that work, we constructed a fluorescent analog of JMV-179, a CCK analog previously demonstrated to be an antagonist, that incorporates a D-Trp in the position of L-Trp-30 and a carboxyterminal phenethyl ester (26, 26a, 41) . However, only a limited number (37%) of the antagonist-occupied receptors were internalized (29) . Those data were interpreted as supporting receptor trafficking that is independent of classical signaling events.
It is noteworthy that the degree of CCK receptor internalization observed in the current report after receptor occupation with partial agonist was much greater than that observed after occupation with either the peptidyl or nonpeptidyl antagonists previously studied (29) . Internalization of the CHO-CCKR CCK receptors was essentially complete after occupation by both a full agonist (31) and a partial agonist. This supports the interpretation that efficient receptor internalization can occur that is independent of the PLC cascade of signaling events. It continues to be unclear whether any signaling events are critical for this process. It might be that the conformational change in the receptor that correlates with partial agonist activity also supports the key molecular interaction with a heretofore unidentified protein that leads to internalization and insulation, which is less well supported by antagonist occupation of the receptor.
There is another interesting observation in the current work that relates to receptor affinity states. For some G protein-coupled receptors, internalization has been correlated with G protein association and the high-affinity state of the receptor (2, 37) . Here, we can rule that out for the CCK receptor. Competition for the high-affinity binding by coincubation with nonfluorescent CCK did not prevent the prominent internalization of Rho-OPE. In contrast, nonfluorescent peptidyl and nonpeptidyl antagonists that are known to effectively occupy both high-and low-affinity states of the CCK receptor completely eliminated the internalization of the Rho-OPE. Previous, less direct studies have, however, suggested that only the high-affinity CCK receptor is internalized (20) . Like the CCK receptor, the angiotensin receptor has been shown to be internalized independently of G protein coupling and signal transduction (13) .
Desensitization of agonist-stimulated receptors provides a mechanism to protect the cell from potential overstimulation. In the absence of receptor phosphorylation, it was possible that a partial agonist could have bypassed this safety mechanism. That was somewhat supported by the previous observation that, unlike CCK, JMV-180 treatment did not lead to desensitization of the pancreatic acinar cell (19) . In that work, however, the response being assayed was the ability of carbamylcholine to stimulate amylase secretion. That measurement would of course be unaffected by CCK receptor internalization or insulation, which could be protective of overstimulation by agonists acting at the CCK receptor. There is no way for a hydrophilic natural ligand of the CCK receptor to access its binding site after the receptor is moved into the cell. This suggests that partial agonist stimulation is capable of desensitizing the CCK receptor by a mechanism that is independent of receptor phosphorylation.
